Among modifiable lifestyle factors, diet may affect cognitive health. Cross-sectional and longitudinal associations may exist between dietary exposures [e.g., caffeine (mg/d), alcohol (g/d), and nutrient adequacy] and cognitive performance and change over time. This was a prospective cohort study, the Baltimore Longitudinal Study of Aging (n = 628-1305 persons depending on the cognitive outcome;~2 visits/person). Outcomes included 10 cognitive scores, spanning various domains of cognition. Caffeine and alcohol intakes and a nutrient adequacy score (NAS) were estimated from 7-d food diaries. Among key findings, caffeine intake was associated with better baseline global cognition among participants with a baseline age (Age base ) of $70 y. A higher NAS was associated with better baseline global cognition performance (overall, women, Age base <70 y), better baseline verbal memory (immediate and delayed recall, Age base $70 y), and slower rate of decline or faster improvement in the attention domain (women). For an Age base of <70 y, alcohol consumption was associated with slower improvement on letter fluency and global cognition over time. Conversely, for an Age base of $70 y and among women, alcohol intake was related to better baseline attention and working memory. In sum, patterns of diet and cognition associations indicate stratum-specific associations by sex and baseline age. The general observed trend was that of putative beneficial effects of caffeine intake and nutrient adequacy on domains of global cognition, verbal memory, and attention, and mixed effects of alcohol on domains of letter fluency, attention, and working memory. Further longitudinal studies conducted on larger samples of adults are needed to determine whether dietary factors individually or in combination are modifiers of cognitive trajectories among adults.
Introduction
Preventing age-related cognitive decline can help maintain quality of life (1) . Dietary factors, such as the neuroactive compounds caffeine and alcohol, may affect cognitive health (2) (3) (4) . Cognitive health benefits were also ascribed to healthy patterns of dietary intake and dietary quality (5) . However, few studies with a prospective cohort design have examined all 3 predictors (i.e., caffeine and alcohol intakes and dietary quality) simultaneously, covarying for the others. In fact, to our knowledge, research has to date restricted its aim to a single cognitive test score, thus failing to incorporate multiple domains of cognition. Consequently, well-designed cohort studies are needed to clarify independent associations of dietary quality and caffeine and alcohol intakes with cognition. Such studies would ascertain temporality, include multiple cognitive domains, and would account for potential confounding effects within the diet.
Caffeine, primarily obtained from coffee, is the most widely used neuroactive compound worldwide (6) . Acting as a brain stimulant, it causes heightened alertness and arousal (6) and can improve perceptual speed, vigilance, and even memory (7, 8) . As a methylxanthine, caffeine blocks brain adenosine receptors, triggering cholinergic stimulation and potentially improving cognitive performance and slowing age-related cognitive decline (8) . CaffeineÕs putative beneficial effects on cognition are domain-specific (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, several studies found no association (18) (19) (20) , whereas others noted differential associations by gender (9, 21) .
Alcohol, on the other hand, is a well-known depressant drug widely consumed in Western diets. Although many large epidemiologic studies have examined cognition in relation to alcohol consumption, the direction of the association remains uncertain .
Importantly, caffeine-and alcohol-containing drinks are often consumed with other foods and with each other at different meals. Thus, intakes of caffeine and alcohol may be correlated with each other and with dietary quality or nutrient adequacy (i.e., an index of dietary quality based solely on nutrients). Furthermore, poor dietary quality has been associated with adverse cognitive outcomes, including decline and poor function (2, (52) (53) (54) (55) (56) (57) (58) . Thus, dietary quality may confound relations of caffeine and alcohol intakes with cognition. Previous studies failed to account for this potential confounding effect. In our present study, we evaluated the independent associations of caffeine and alcohol intake and nutrient adequacy with cross-sectional and longitudinal cognitive performance in a U.S. population of older adults. We hypothesized caffeine to have putative beneficial and sex-specific effects for certain domains (e.g., attention, perceptual speed, and memory), and alcohol to have both beneficial and deleterious effects, depending on the population subgroup (age group or gender) and the cognitive domain. In contrast, nutrient adequacy was hypothesized to affect a wide range of domains in a positive manner.
Based on previous evidence, particularly in the case of caffeine and alcohol intake (9, 14, 21, 36, 40) , we presented sexspecific findings. In addition, variations in nutrient requirements by age at cut-points of 50 y and 70 y had been noted [e.g., fiber (lower at $50 y vs. <50 y), sodium (lower at $70 y vs. <70 y), calcium (different ranges for $50 y vs. <50 y), iron (reduced with age), phosphorus [upper limit (UL) 9 reduced at 70 y], vitamin B-6 (increases with age, including $50 y), and vitamin D (increases at age $70 y)] (59) (60) (61) (62) . Moreover, studies have commonly stratified by age associations of dietary components with cognition (15, 17, 40, 57) . Therefore, we stratified our results by sex and age accordingly, similar to previous studies (9, 14, 15, 17, 21, 36, 40, 57) .
Materials and Methods
Database and study population The Baltimore Longitudinal Study of Aging (BLSA) is an ongoing prospective open cohort study of community-dwelling adults that was initiated in 1958 by the National Institute on Aging. BLSA participants were generally highly educated adults with a first-visit age of 17 to 97 y (median = 60.7; means 6 SDs = 58.9 6 18.0), and around 60% were men. Total enrollment included n 1 = 3047 participants (n# 1 = 20,385 visits, 1958-2009) (63) . Exclusionary criteria are summarized elsewhere (64) . Examinations were conducted at~2-y intervals, and the protocol was approved by the Medstar Research InstituteÕs Institutional Review Board. Examinations included physical, neurocognitive, medical history, dietary assessment, laboratory, and radiologic tests and measurements. Participants completed a written informed consent form per visit (63) .
Eligible participants (n), observations or visits (n#), and visits/ participants (n$) were as follows: 1) had complete dietary intake data from 1961 to 2007 (n 2 = 1821 participants; n# 2 = 4537 visits; n$ 2 range = 1-12 visits/participant, mean = 2.5 visits/participant); 2) had complete cognitive data from 1962 to 2008 (n 3a-3j = 1199-2704 participants; n# 3a-3j = 5111-10,704 visits depending on the cognitive test score; n$ 3 range = 1-22 visits/participant; mean = 3.4-4.4 visits/participant); and 3) had $1 visits that were concurrent (i.e., during the same visit/ year) between dietary and cognitive data (n 4a-4j = 628-1305 participants; n# 4a-4j = 1218-2528 visits; n$ 4 range = 1-10 visits/participant; mean = 1.9-2.0 visits/participant). Moreover, the mean (range) first-visit age for final samples with cognitive and dietary data (4a-4j) was 62 to 69 y (17-99 y), depending on the cognitive test. However, a distinction was made between first-visit characteristics (including age) and baseline characteristics. The ''baseline'' (base) visit was the earliest visit/year (Year base ) with concurrent data on diet and cognition. . Food codes and amounts were recorded for each diary, with nutrient intakes [absolute and relative amounts (i.e., per 1000 kcal or % energy)] estimated using a revised and up-to-date nutrient database (68) and averaged over available diaries per individual visit. Specifically, caffeine (per 100 mg/d) and alcohol (g/d) intakes and the nutrient adequacy score (NAS) were of primary interest. Moderate alcohol consumption was defined as 14 to 28 g/d and was compared with lower and higher amounts of intake as a sensitivity analysis, based on previous studies (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (37) (38) (39) .
To estimate the NAS, age/sex-specific DRIs for U.S. adults were used among others to categorize individuals according to adequacy of dietary intake for macronutrients (e.g., protein, carbohydrates, fat) and micronutrients (vitamins and minerals). Among DRI, adequate intake (AI) was used to reference an amount of vitamins and minerals above which a participantÕs intake was adequate without exceeding the UL. For carbohydrates, protein, and total fat (% energy), the acceptable macronutrient distribution range was used instead. Saturated fat (% energy) intake in moderation was estimated using the 2005 Healthy Eating Index complete score. Similarly, cholesterol (mg) intake was determined adequate based on the 1995 Healthy Eating Index complete score (60) (61) (62) .
For all NAS components, AI or AI and UL in combination were used as follows: 1) AI only: total fiber, potassium, thiamin, riboflavin, and vitamin E; and 2) AI and UL: sodium, calcium, iron, magnesium, phosphorus, zinc, retinol, niacin, vitamin B-6, folate (UL applied only to synthetic folic acid), and vitamins C and D (59) (60) (61) (62) . Nutrient adequacy was determined for each nutrient in relation to its age/sex-specific recommended intake (0: inadequate; 1: adequate). The NAS (range: 0-22) was computed as the sum of 22 nutrient components, with a higher score reflecting better overall nutrient adequacy, similar to a previous study (69) .
Cognitive assessment A battery of 6 cognitive tests was used.
Mini Mental State Examination. Administered in the BLSA since the mid 1980s, the Mini Mental State Examination (MMSE) is a brief mental status test measuring orientation, concentration, immediate and delayed memory, language, and constructional praxis (70) . Scores range from 0 to 30, with higher scores indicating better cognitive performance.
BVRT. The BVRT is a test of short-term visual memory and constructional abilities (71) . Administration A has been used in the BLSA since 1960, with a modified error scoring system, based on the BVRT manual scoring, such that higher scores indicate poorer visual memory. Digits Span Forward and Backward. The Wechsler Adult Intelligence Scale-Revised, digits span-forward (DS-F) and digits span-backward (DS-B) (77) , assesses attention and working memory, respectively. DS-F involves orally presenting a series of single-digit numbers at increasing digit span lengths for participants to repeat in the same order. The numbersÕ span length ranges from 3 to 9 digits. Two trials at each span are presented. The test is discontinued when participants incorrectly repeat both trials at a specified span. DS-B is similar to DS-F, except that participants repeat a series of increasingly longer spans of single digit numbers in reverse order. The numbersÕ span length ranges from 2 to 8 digits. The total score for both DS-F and DS-B is 14.
In sum, most cognitive test scoresÕ direction was ''better performance with a higher score''; the reverse was true for the BVRT and Trails A and B.
Covariates Potentially confounding covariates were Age base , Year base , sex, race/ ethnicity (non-Hispanic white, non-Hispanic black, and other ethnicity), education (y), smoking base (''never,'' ''former'', or ''current smoker''), and measured baseline BMI [BMI base , weight/(height) 2 in kg/m 2 ]. First-visit measures (i.e., visit 1 of the BLSA) were also considered for the descriptive part of the analysis.
Statistical methods
Analyses were performed using Stata version 11.0 (78). Participant characteristics (fixed and at first-visit) were described and compared by data availability and by sex using a 1-factor ANOVA, t test, and x 2 test. Mixed-effects linear regression models were used to examine associations of baseline caffeine and alcohol intakes and NAS with baseline cognitive performance (cross-sectional effect) and their relations with cognitive change over time (longitudinal effect), controlling for Age base , sex, and other ''baseline'' or fixed covariates, including race/ ethnicity, education, baseline smoking status, and baseline BMI. These models, which we term time-interval, mixed-effects regression models, were adapted from a previously published study that described the methodology in detail (79) . Time elapsed (y) was measured from Age base (per cognitive test).
Multilevel models vs. composite models
where Y ij represents cognitive test scores for individual ''i'' and visit ''j''; p 0i , level-1 intercept for individual i; p 1i , level-1 slope for individual i; g 00 , level-2 intercept of the random intercept p 0i ; g 10 , level-2 intercept of the slope p 1i ; and Z ik , a vector of individual-level fixed baseline covariates (including Age base ) predicting level-1 intercepts (p 0i ) and level-1 slopes (p 1i ). Among Z ik covariates, education (y) was centered at 16y (approximate mean for BLSA), BMI at 25 kg/m Estimated parameters with SE and P values reflected rate of cognitive change over time (g 10 ), the effects of caffeine and alcohol intakes and NAS on baseline cognitive performance (time = 0) (g 01 , g 02 , and g 03 ; g 031 and g 032 for categorical alcohol), and effects of caffeine and alcohol intakes and NAS on annual rate of cognitive change over time (g 11 , g 12 , and g 13 ; g 131 and g 132 for categorical alcohol). Analysis was presented for the overall sample and was further stratified by sex and Age base (<70 y vs. $70 y).
The effect modification by sex and Age base was tested by including additional interaction terms in the ''overall population'' model (e.g., Age base 3 caffeine and Age base 3 caffeine 3 time, separately). We used a 2-stage Heckman selection model adjusting for bias because of nonrandom participant selection for final analyses (80, 81) .
We further estimated cognitive test scores and plotted their predicted means against time, with Age base set alternatively at 50 y and 70 y. Each exposure was examined separately controlling for the other covariates. Caffeine intake was alternatively set at 0 mg/d vs. 300 mg/d; alcohol intake at 10 g/d vs. 50 g/d; and NAS at 5 vs. 15. Thus, cognitive performance trajectories for the hypothetical population with set covariate distribution was examined over time and compared by exposure level to illustrate direction and magnitude of fixed effects g 0a and g 1a .
Type I error was set at 0.05 for each of the 3 exposure variablerelated hypotheses. Adjustment for multiple testing reduced the type I error to 0.05/3 = 0.017, and thus only P values <0.017 were considered statistically significant. However, type I error for 3-way interaction terms was set to 0.10 because of reduced power to detect significant associations (82) .
Results
As shown in Table 1 , compared with men, women were generally older and had more ethnic diversity, performed better on the MMSE, and had lower prevalence of current smoking. The distribution of study characteristics by sex and data completeness is presented in Supplemental Table 1 and Supplemental Figure 1 .
Several key findings emerged from the time-interval, mixedeffects regression models. For most cognitive tests, younger participants at baseline performed better than older participants (g Age in the direction of poorer performance with higher age, Table 2 ). For a few tests, there was also an appreciable decline over time (g 10 in the direction of decline), controlling for Age base , whereas for others there was a learning effect over time that was reduced or tapered off with increasing age (g 10 in the direction of improvement over time, P < 0.05, but with a g Age3Time in the direction of tapered-off learning and an eventual time-related decline at higher Age base values).
Importantly, when examining associations of caffeine intake, NAS, and alcohol intake with cognitive performance at baseline (Tables 2 and 3 ; g 01 , g 02 , and g 03 ), and change over time (g 11 , g 12 , and g 13 ), there was apparent effect modification by Age base (<70 y vs. $70 y) and, occasionally, by sex. When testing interaction terms, sex and Age base differentials in dietÕs association with cognition (cross-sectional and longitudinal) were significant for some but not all associations (P < 0.10).
Among key findings, caffeine intake was associated with better global cognitive function (MMSE) at baseline for those $70 y (P = 0.008), independently of potential confounding covariates. Second, the NAS was associated with better baseline performance on the MMSE overall (P = 0.004), in women (P = 0.003), and in those <70 y (P = 0.003). When Age base was $70 y, the NAS was associated with better baseline performance on the CVLT-List A and CVLT-Delayed Recall. Similarly, the NAS was associated with slower decline or improvement over time on the DS-F test among women. Finally, alcohol intake was associated with faster decline or slower improvement on the MMSE (P = 0.008) and on the VFT-L test (P = 0.001) when Age base was <70 y. However, when Age base was $70 y, alcohol was related to better baseline performance on the DS-F and DS-B (Tables 2 and 3 ). There were no significant associations between any of the continuous dietary exposures and Trails A or B (Supplemental Table 2 ).
Our key findings are illustrated visually in Supplemental Figure 2 if a population with fixed characteristics (listed in the footnote of the supplemental figures) was followed up from ages 50 y and 70 y for a period of~9y and was alternatively exposed to 2 different levels of each dietary exposure, keeping the other exposures and covariates constant.
In a sensitivity analysis (Supplemental Table 3 ), categorical alcohol intake was entered into time-interval, mixed-effects regression models. Compared with 14 to 28 g/d consumption, individuals with >28 g/d of alcohol intake had faster decline or slower improvement on the MMSE, particularly among women and in the older group (Age base $70 y, g 132 = 20.59 6 0.22, P = 0.009). This finding is at slight odds from our previous results with continuous alcohol intake where we found this relation in the younger group. Moreover, consuming <14 g/d was associated with slower decline or faster improvement in the VFT-L compared with a moderate intake of 14 to 28 g/d (Age base <70 y, g 131 = +0.24 6 0.07, P < 0.001). A similar pattern was noted also in the younger group for both Trails A (Age base <70 y, g 131 = 21.40 6 0.53, P = 0.009) and Trails B (<70 y at baseline, g 131 = 23.41 6 1.23, P = 0.006). Overall, among men, and for Age base $70 y, lower alcohol intake compared with moderate consumption was associated with poorer performance on the DS-B (overall, g 031 = 20.76 6 0.28, P = 0.008). However, and particularly among men, lower alcohol intake compared with moderate alcohol consumption was linked to slower decline on that test over time (men, g 131 = +0.19 6 0.08, P = 0.014).
Discussion
We examined cross-sectional and longitudinal relations of caffeine and alcohol intakes and nutrient adequacy with cognitive performance in the BLSA. Outcomes included 10 cognitive test scores spanning the domains of global cognition, verbal memory, visual memory/visuo-constructive ability, verbal fluency, attention, working memory, and executive function. Caffeine and alcohol intakes and the NAS were estimated from 7-d food diaries. Using time-interval, mixed-effect regression models, with baseline defined as the earliest available visit with dietary and cognitive data, caffeine intake was associated with better baseline global cognition (MMSE), particularly when baseline age was $70 y, independently of key potential confounders. VFT-C, total score n = 602 n' = 1236 n = 346 n' = 655 n = 256 n' = 581 Intercept (g 00 for p 0i ) +18. 29 3 n# = total number of visits included in the analysis. 4 Cognitive scores were in the direction of higher score indicated better performance with the exception of the BVRT and Trails A and B.
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A higher NAS was associated with slower decline or faster improvement on a test of attention (DS-F, for women), and with better baseline performance on immediate and delayed recall for verbal memory (CVLT-List A and DR for participants aged $70 y at baseline). A higher NAS was also associated with better baseline performance on global cognition overall among women and among participants aged <70 y at baseline. Alcohol intake, on the other hand, was associated with slower improvement on letter fluency (VFT-L) and global cognition among those aged <70 y at baseline. Conversely, alcohol intake was associated with better attention (DS-F) and working memory (DS-B) performance, particularly among men and individuals $70 y at baseline. Some nonlinear associations were found, with moderate alcohol consumption only showing a beneficial effect on baseline DS-B (a measure of working memory), specifically when compared with lower intakes. However, longitudinal associations indicated that alcohol has potentially deleterious effects over time with lower intake being a better choice than moderate intake. Caffeine and alcohol consumption and the NAS have been associated with cognition in some studies, with mixed findings with respect to the associationsÕ directionality. Although 2 crosssectional studies found habitual caffeine intake to be linked with better cognitive or long-term memory performance (12, 17) , 2 others failed to detect an association (19, 20) . However, using data from the same cohort as in a previous study (12) , after a 6-y follow-up no association was found (15) . The Longitudinal Lothian Birth Cohort 1936 Study found a potential neuroprotective effect of caffeine intake, but only for coffee (83) . Two other longitudinal studies reported such effects of caffeine intake in older women, but not men (9, 21) . In contrast, inverse J-shaped associations between coffee consumption and 10-y cognitive declines were seen in elderly men, with the least decline occurring for men consuming 3 cups of coffee per day in the Finland, Italy, and the Netherlands Elderly (FINE) cohort (16) . However, among cohort studies, the Finnish Twin Cohort Study failed to detect an association after a 28-y follow-up (18) . Protective associations between tea consumption, another source of caffeine, and cognitive decline have been demonstrated in Chinese adults (10, 11) . The results of our study suggest that there might be potential acute beneficial effects of caffeine on global cognition, but not other domains. Despite no sex differences, age differentials were significant whereby the putative beneficial effect on global cognition was more noticeable among older adults aged $70 y.
Among studies on alcohol intake and cognition , the Rotterdam Study (36) found that past alcohol consumption was predictive of speed and flexibility in a U-shaped manner, with the best performance among those drinking 1 to 4 glasses per day, particularly women, as was found in other studies (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (37) (38) (39) . However, a linear dose-response relation has also been shown, sometimes with differences by sex (26) . One cohort study found that overall, moderate consumption was protective against poor cognitive function, but that the reverse was true among ApoE4 + individuals (22) . This effect modification was not found in another study (43) . Slower memory decline with increased alcohol consumption in men was found in one study, although the opposite relation was found in the case of psychomotor speed among women (44) . A cross-sectional positive relation between alcohol intake and memory was noted in one study with both men and women (45) . However, heavy alcohol use has also been linked to poorer cognitive outcomes (34, (46) (47) (48) . Finally, few studies found no association between alcohol consumption and cognitive outcomes (49-51). Our study detected an association between alcohol intake and faster decline in global cognition and letter fluency, as well as attention and executive function, when comparing moderate consumption with lower intake-findings that were not previously replicated. In contrast, an acutely beneficial effect of alcohol in domains of attention and working memory was found in our study, which shows that alcohol can potentially alter cognitive trajectories and cross-sectional performance differently across different domains.
Individual nutrients were shown to affect cognition with the most widely studied ones being n-3 fatty acids (84) (85) (86) , some B vitamins (87) (88) (89) (90) (91) , and antioxidants (92) (93) (94) , all potentially protective against cognitive impairment. Recent studies are beginning to explore how complete dietary patterns may improve cognitive performance (52, 54, 58) and slow age-related cognitive decline (2, 55, 57) , particularly diets high in fruits, vegetables, nuts, unsaturated fats from fish or olive oil, and whole grain breads/cereals, and low in red and processed meats, high fat dairy, and desserts. Consistent with previous studies, we observed that a nutrient-adequate diet was associated with better performance on global cognition, particularly among those aged <70 y at baseline.
Among studies examining dietary quality or patterns in relation to cognition (2, (52) (53) (54) (55) (56) (57) (58) , limited research has explored specific cognitive domains (i.e., memory, executive function, attention). Nevertheless, some studies suggest that diets with adequate nutrients are associated with better verbal memory (58) and selective attention (52) , which is consistent with our findings of better baseline performance on verbal memory and slower rates of decline on verbal memory and attention. In fact, rodent models suggest that higher intakes of saturated fats and simple carbohydrates are associated with neurophysiologic changes (i.e., insulin signaling, synaptic plasticity, and neurogenesis) in the hippocampus and hippocampal-dependent learning and memory (95) .
Our investigation has many strengths, which include the use of a large and long-term prospective cohort study with repeated measurements on dietary intake and a comprehensive battery of cognitive performance, allowing us to assess effects of baseline diet on baseline cognitive performance and on cognitive change over time. Specifically, associations of caffeine and alcohol intake and NAS with cognitive performance over time were examined while controlling for key potential confounders, including each of those 3 exposures and socio-demographic and lifestyle factors. Moreover, use of advanced statistical techniques such as time-interval, mixed-effects linear regression models is a major study strength.
Our findings, however, should be interpreted with caution in light of several limitations. First, the BLSA is an open-cohort study of participants selected as a convenience sample, with continuous recruitment and dropout throughout the follow-up. Second, sample selectivity was noted whereby the final analytic sample differed from the original eligible BLSA cohort. To reduce selection biases, we used a 2-stage Heckman selection model (80) . Third, although observation frequency for dietary intakes and cognitive function was adequate, data structure was largely unbalanced, given that first-visit age and duration between visits varied across participants. Consequently, we used time-interval, mixed-effects linear regression models, assuming missingness at random (79) . Fourth, other covariates such as cardiovascular risk factors were not considered given their potential mediating effects between diet and cognition. Additionally, chance findings may be caused by the number of hypotheses being tested and the subgroup. However, for the 2 n = number of participants in the analysis. 3 n# = total number of visits included in the analysis. 4 Cognitive scores were in the direction of higher score indicated better performance with the exception of the BVRT and Trails A and B.
most part, we considered those hypotheses to be independent, given that cognitive domains included in each test were distinctive. Our analyses adjusted for multiple testing accounting for multiplicity of exposures. Finally, residual confounding and selection bias could explain some positive findings and low power may underlie some negative findings.
In conclusion, associations of caffeine and alcohol intake and nutrient adequacy with longitudinal cognitive performance are mixed in this sample of older adults. Consistent with prior studies, potential beneficial effects were found for some measures, but not others, with moderation by baseline age and sex. Although findings for alcohol consumption were mixed, the findings were generally supportive of the idea that a high-quality diet and higher caffeine intake may benefit cognition acutely and even prevent age-related declines in certain cognitive domains, including global cognition, verbal memory, and attention. Further longitudinal studies conducted on larger samples of adults are needed to determine whether dietary factors individually or in combination are modifiers of cognitive trajectories among adults.
